HIGHLIGHTS
Introduction
In the last five years there has been a significant increase in the number of papers that report experimental solubility data, both in This Journal [1] [2] [3] [4] [5] [6] and in other journals published by Elsevier [7] [8] [9] [10] [11] [12] . The majority of these publications have pertained to the solubility of a crystalline nonelectrolyte solute in several neat organic solvents and/or in one or more binary solvent system(s). In the case of neat solvents the authors determined the solubility at several temperatures, and for binary solvent mixtures the solubility was often measured as both a function of temperature and binary solvent composition. The purpose of the studies was to provide measured solubility data that could be used in selecting a suitable solvent for solute purification through recrystallization or for solute solubilization for quantitative analysis, drug formulations and other practical applications. Most of the published papers provided mathematical representations describing how the solute solubility varied with temperature (e.g. modified Apelblat model [13] , Buchowski-Ksiazczak λh model [14] ) and binary solvent composition (e.g.
Combined NIBS/Redlich-Kister model [15, 16] , Jouyban-Acree model [17, 18] ). While such publications do provide valuable experimental data regarding the solubility of the given solute molecule in the few organic solvents (or solvent mixtures) studied, there was very little discussion given regarding how the measured data could be used to predict the solubility of the solute in additional solvents or solvent systems outside of the solvents studied by the reporting authors.
Quantitative structure-property relationships (QSPRs) and linear free energy relationships (LFERs) provide a convenient means for authors to extend their experimental studies to include expressions capable of making solubility predictions in additional organic solvents. Of the QSPR and LFER methods, the Abraham solvation parameter model [19] [20] [21] [22] is perhaps the most versatile of the published methods in that the model uses a single set of solute properties (called solute descriptors) for all neat organic solvents and partitioning systems. Mathematical equations have been derived for predicting the solubility of crystalline nonelectrolyte organic solutes in more than 100 different organic solvents: log (P or CS,organic/CS,water) = cp + ep · E + sp · S + ap · A + bp · B + vp · V
log (K or CS,organic/CS,gas) = ck + ek · E + sk · S + ak · A + bk · B + lk · L
where CS,organic is the molar solubility of the solute in the organic solvent, CS,water is the molar solubility of the solute in water, and CS,gas is a molar solute concentration in the gas phase. The dependent variables in Eqns. 1 and 2 are the logarithms of solute molar solubility ratios, log (P or CS,organic/CS,water) and log (K or CS,organic/CS,gas), logarithms of the solute water-to-partition coefficients, log P, and logarithms of the solute gas-to-water partition coefficients, log K. The independent variables on the right-hand side of Eqns. 1 and 2 are the solute descriptors, which are identified by the uppercase alphabetical letters. The solute descriptors are defined as: E corresponds to the solute excess molar refractivity in units of (cm 3 mol -1 )/10, S quantifies the dipolarity/polarizability of the solute, A and B measure the overall or total hydrogen-bond acidity and basicity, V refers to the McGowan volume in units of (cm 3 mol -1 )/100, and L is defined as the logarithm of the gas-to-hexadecane partition coefficient at 298 K. Solute descriptors are calculable from measured solubility and partition coefficient data by constructing a series of mathematical equations in the form of Eqns. 1 and 2. Once the descriptor values have been calculated one can use their numerical values to estimate the solubility and partition coefficients of the solute in more than 100 different organic solvents and partitioning systems. The lowercase solvent and process equation coefficients need in these calculations are available in several of our earlier publications [20] [21] [22] . In Table 1 we have compiled a list of equation coefficients from our earlier publications for the solvents that we are using in the solute descriptor calculations. The equation coefficients pertain to either "dry" or "wet" solvents depending upon whether the organic solvent has been in physical contact with water as would be the case in a direct water-to-organic solvent partitioning process. In the case of the direct partitioning process the organic phase is the water-saturated organic solvent and the aqueous phase is water saturated with the organic solvent. For several partitioning processes the mutual solubility of water and the organic solvent is very small, such as for cyclohexane and toluene, and the same set of equation coefficients is used for the "wet" and "dry" organic solvent.
We illustrate the calculation of solute descriptors for 5-nitro-8-hydroxyquinoline, 2-methyl-6-nitroaniline, and terephthaldialdehyde using experimental solubility data taken from papers published in This Journal in 2016. The examples provide us with the opportunity to illustrate the computation method whenever both experimental partition coefficient and solubility data are available, and the case whenever one has only experimental solubility data. The latter two examples will likely be more useful to authors as many of the published solubility studies pertain to solutes for which experimental partition coefficient data is lacking.
Solute Descriptor Calculation for 5-Nitro-8-hydroxyquinoline
The computational method for determining solute descriptors is first illustrated for 5-nitro-8-hydroxyquinoline, which is solute for which we recently calculated solute descriptors (E = 1.66, S = 1.86, A = 0.20, B = 0.53, V = 1.2772, and L = 7.490) based on experimental log P data [21] . There are six solute descriptors, however, two of the solute descriptors can be calculated based on molecular structure considerations. The McGowan characteristic volume, V, can be calculated from the molecular structure, atomic sizes and number of bonds as described elsewhere [24] . The E solute descriptor can be estimated by the PharmaAlgorithm software [25] , which is based on molecular structure considerations using fragment group values [26, 27] , or calculated using a measured value (liquid solute) or an estimated value (solid solute) for the solute's refractive index. The refractive index of solid solutes can be estimated using the (free) ACD software [28] .
The values of V and E that we calculate are V = 1.2772 and E = 1.820 [25] . This leaves us with three solute descriptors (S, A and B) to be calculated from the measured experimental partition coefficient and solubility data. In the present case, the aqueous molar solubility of 5-nitro-8-hydroxyquinoline is unknown, which leaves us with a fourth value to be calculated.
It is possible to double the number of equations by converting all the log (P or CS,organic/CS,water) values into log (K or CS,organic/CS,gas) values through Eq. 5, where Kw is the gas-to-water partition coefficient (unit-less if concentrations in the gas phase and the aqueous phase are both in mol L -1 ) [29] [30] [31] [32] [33] , including both the monomeric [31, 32] and dimeric forms [33] of carboxylic acids. The updated solute descriptors are only slightly different than our earlier values, which were based on a much smaller data set containing only 7 experimental log P values. As an informational note, there is an experimental value of log CS,water = -3.863 for the solubility of 5-nitro-8-hydroxyquinoline in a aqueous buffer solution (pH = 4.5) [34] . The solubility of 5-nitro-8-hydroxyquinoline in an aqueous buffer solution should be different than the molar solubility in water. One would expect a slightly lower solubility in a buffered solution due to the salting-out effect by the ions present.
log (P or CS,organic/CS,water) = log (K or CS,organic/CS,gas) -log

Solute Descriptor Calculation for Terephthaldialdehyde
The next computational examples involves terephthaldialdehyde, which is a solute for which we have a very preliminary set of solute descriptors (E = 1.030; S = 1.294 ± 0.059; A = 0.000; B was not determined; V =1.0296; L = 5.500 ± 0.379) based on gas chromatographic retention measurements on two liquid stationary phase [35] . The recently published experimental data of Xu and coworkers [5] for terephthaldialdehyde dissolved in ethanol, propan-1-ol, butan-1-ol, propan-2-ol, 3-methylbutan-1-ol, propanone, butanone, acetonitrile and N,Ndimethylformamide provides the opportunity to update our existing solute descriptors using a much larger database. As before the published mole fraction solubilities are converted to molar solubilities using a value of Vsolute/(cm 3 mol -1 ) = 117.5 for the molar volume of terephthaldialdehyde. The calculated molar solubilities are given in Table 3 , along with a calculated log P value that was taken from Netzeva and Schultz [36] . The calculated log P value was based on the CLogP method. The values of V and E that we calculate are V = 1.0296 and E = 1.030 [25] , and the value of the A solute descriptor is set equal to zero as terephthaldialdehyde cannot act as a hydrogen-bond donor as the molecule lacks an acidic hydrogen. This leaves us with just three solute descriptors (S, B and L), an aqueous molar solubility and log Kw value to calculate from a total of 22 log (P or CS,organic/CS,water) and log (K or CS,organic/CS,gas) equations. The equations were solved simultaneously using Microsoft Solver software to yield numerical values of: E = 1.030; S = 1.235; A = 0.000; B = 0.566; V = 1.2772; L = 5.235; log CS,water = -1.852; and log Kw = 4.591 with the overall standard error being SE = 0.079 log units. The updated solute descriptors back-calculate the observed solubility data (see numerical entries in Table 3 ) and fall within the range encompassed by our preliminary numerical values.
Solute Descriptor Calculation for 2-Methyl-6-nitroaniline
The final computational example pertains to 2-methyl-6-nitroaniline, which is a solute for The calculated molar solubilities are listed in Table 4 along with a calculated log P = 2.29 [28] for the water-to-octanol partition coefficient. The measured partition coefficient and molar solubility data provides us with 11 log (P or CS,organic/CS,water) and 11 log (K or CS,organic/CS,gas) equations, plus the two log Kw equations , to use in the solute descriptor computations. The values of V and E that we calculate are V = 1.1313 and E = 1.190 [25] . The equations were solved simultaneously 
Solubility Predictions in Additional Organic Solvents
The Table 5 we have tabulated the predicted log CS,organic values for 5-nitro-8-hydroxyquinoline, terephthaldialdehyde, and 2-methyl-6-nitroaniline in 29 different organic solvents. The predictions were achieved by simply substituting the equation coefficients from Table 1 and the calculated solute descriptors into Eqns. 1 and 2. The calculated logarithms of the molar solubility ratios, log (CS,organic/CS,water) and log (CS,organic/CS,gas), are converted to log CS,organic values using the numerical values of log CS,water and log Kw from the respective solute descriptor computations.
Solubility and partition coefficient predictions can be made for the more than 100 solute transfer processes for which we have determined equation coefficients. A more complete listing of equation coefficients for chemical systems [20] [21] [22] and for biological systems [38] [39] [40] can be found elsewhere. For solubility calculations one will need to use the coefficients designated for "Dry"
or "Wet/Dry" organic solvents.
Concluding Remarks
One of the stated objectives of many of the solubility studies published in This Journal in the last five years has been to determine solubility data that is needed in the solvent selection for liquid-liquid and for recrystallizations. Experimental data is reported for only a few of the common organic solvents that are used in commercial separation processes. The Abraham solvation parameter model is shown to provide a convenient means of furthering these objectives.
Researchers have at hand a simple method for predicting solubilities in solvents that were not studied in the experimental determinations. 
